A finite-element model of the cat eardrum is presented which includes the effects of the three-dimensional curved conical shape of the drum. The model is valid at low frequencies (below 1-2 kHz) and within the range of linear vibration amplitudes. The material properties used are based on a review of the literature.
INTRODUCTION
Presently available models of the eardrum are inadequate either to provide insight into the principles of the mechanical operation of the drum, or to permit quantitative analysis of pathological conditions as an aid in the planning and evaluation of corrective techniques.
In a thesis (Funnell, 1975) and two conference papers Laszlo, 1974, 1975) we have introduced the use of the finite-element method as a powerful tool for the study of the eardrum (and of other parts of the auditory system as well). This paper describes the results obtained so far with a finite-element model of the cat eardrum. The model simulates the behavior of the eardrum in response to uniform pressures of low enough frequencies that inertial and damping effects may be neglected. This corresponds to frequencies below 1 or 2 kHz. The model is also restricted to sound pressures low enough that the response of the eardrum is linear. Section I discusses the finite-element method. Sections II and I• then describe the model and the mechanical properties that we have assumed. Section IV presents the results of the model and the effects of parameter variations.
I. THE FINITE-ELEMENT METHOD

A. General discussion
The finite-element method has in the last several years become an extremely widespread engineering tool. Since this is the first time that the method has been applied to the auditory system, we shall give here a very brief outline of the principles involved. The method is fully discussed in a number of textbooks, in- In Sec. I B some details of the present implementation which will be meaningful to readers already familiar with the finite-element method are presented.
When using the finite-element mothod, the physical system to be analyzed is divided into a number of dis-. Once the element matrix equations are ready, they are all combined together into one overall system matrix equation. The boundary conditions are also included in the system matrix equation. Since the behavior of each element has been described in terms of its behavior at certain discrete nodes along its edges, this assembly of element matrices is simply a statement of the fact that a node shared by two elements must have the same displacement when considered as part of either element, mud of the fundamental assumption that the elements can interact only at these discrete nodes.
The most common alternative to the finite-element method is the finite-difference method, in which one writes down the differential equations governing the whole system, and then replaces the differential operators by difference operators in order to permit a nu- In the absence of appropriate data, the particular choice of c is more or less arbitrary.
We have chosen to set c equal to 1.19, wlxich is the smallest value that does not result in any nodes of the model lying above the plane of the tympanic ring. The resulting curvature can be seen in Fig. l(b) . In Sec. IVD below we discuss the effects of changing this parameter.
The weakest feature of the geometrical approximation in the model is that each curved radial fiber is approximated by only three straight-line segments. An estimate of the effect of this limited resolution was obtained by using a test case representing a slice out of an infinite curved plate, with a curvature similar to the eardrum model and subjected to a uniform pressure as the eardrum model is. The material thickness and stiffness were the same as for the pars tensa of the eardrum model, and a stiffness was applied to one edge of the shell such that the displacements were similar to those of the drum model. As the number of line segments used to represent the curvature was increased from two to eight, the maximal displacement varied by less than 15%. The displacement of the edge of the shell corresponding to the manubrium, and the volume displacement, varied even less. In view of the uncertainties involved in determining the physical parameters of the model, the subdivision used in obtaining the resuits presented below is considered to be adequate for the present purposes.
B. •tiraulu$
The acoustic stimulation of the eardrum is represented in the finite-element model by a uniform static pressure applied normal to each element. The only exceptions are the two elements joining the manubrium to the axis of rotation, since they correspond to the body of the malleus, behind the eardrum and not directly exposed to the incoming sound. The pressure is specified to be 28.28 dyncm '2, which is the zero-to-peak pressure variation equivalent to 100 dB SPL. Another potential limitation of the frequency range is due to the assumption of uniformity of the driving soundpressure field. Below 1 kHz, however, the wavelength of sound in air is much larger than the dimensions of the eardrum, so uniformity is a reasonable assumption.
III. MECHANICAL PROPERTIES
The mechanical properties used in the present models are based on an extensive review of the literature (Funnell, 1975) , but it must be admitted that present experimental data are not sufficient to define accurately all of the required parameters. The values used here are rough estimates, and no attempt has been made to optimize the choice of parameter values in order to fit observed vibration amplitudes.
We have assumed the eardrum to be isotropic, homogeneous throughout its thickness, and uniform across its surface. Almost certainly, all of these assumptions are oversimplifications, but they are reasonable first approximations.
Not enough data are yet available to completely describe the anisotropies, inhomogeneities, and nonuniformities of the drum in any case.
We have taken a value of 2x 10 • dyncm '2 for the Young's modulus (stiffness) of the pars tensa. This was the value found by B•k•sy (1949) for a human cadaver eardrum. Other measurements, including those of Kirikae (1960) , suggest that this is the right order of magnitude. Note that this is an "effective" stiffness for the combined epidermal, fibrous, and mucosal layers of the drum. The overall thickness of these layers has been taken to be 40 gin, based on observations by Lim (1968). This thickness is much less than the diameter of the eardrum, so there is no problem with using thinplate finite elements.
The values in the preceding paragraph apply to the pars tensa in particular.
For the pars flaccida we have used a stiffness which is much lower, so that it has little effect on the overall behavior of the drum. The manubrium has been assigned a stiffness so high that it is essentially rigid. The part of the annular ring between the pars tensa and pars flaccida has been assigned a Young's modulus equal to that of the pars tensa, but has been made 300 •m thick.
In the absence of relevant experimental data, the In the model considered here, we have assumed the eardrum to be "fully clamped" at its attachments to the annular ligament and to the manubrium. That is, all displacements and rotations are constrained to be zero (with respect to the supporting structure) at these boundaries, as opposed to a "simply supported" condition, where only the displacements are constrained to be zero. There is no strong experimental evidence to support this assumption. However, we have shown that it makes little difference which type of support is adopted (Funnell, 1975) . It is also possible that the conical shape is important in conjunction with the shape of the terminal portion of the ear canal and the inclination of the drum with respect to the canal.
F. Effect of anisotropy
Since the model is quite successful using isotropic material properties, it has not been necessary to intro- 
